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APPARATUS AUD METHOD FOR CORRECTIKG FOR ABERRATIONS IN A 

IiENS SYSTEM 



Field of tlie Invention 
5 This invention relates to an apparatus and method for 

compensation for aberrations in a lens system and, in one 
particular arrangement, relates to a fundus camera for 
taking images of the fundus of a person's eye.. The 
invention also relates to a method and apparatus for 
10 determining aberrations of a lens system. 

Background of the Invention 

As is well known, optical systems are used in many 
environments in order to focus light . Many optical 

15 systems include imperfections which can introduce 

distortions or aberrations into the focusing of the light 
which reduces resolution and image quality. This occurs 
not only in iaechanical systems which include manufactured 
lenses made from glass and other materials, but also in 

20 biological specimens such as the human eye. The present 
invention has particular application to con^ensating for 
aberrations caused by in^er feet ions of the ^^lensing 
system" of a human eye con^fising the cornea and eye lens, 
and in particular to a fundus camera including such an 

25 apparatus which can be used to take images of the fundus 
of a human eye for diagnosis and treatment purposes. 

Fundus cameras are known and are used to examine the 
fundus or back of a person's eye. In general, the fundus 

30 camera comprises a microscope and a camera. The camera 
directs a beam of light into a person's eye and light 
reflected from the fundus is captured so that an image of 
the fiindus can be obtained. The resolution of the image 
of the fundus is limited by the optical quality of the 

35 person's eye and, in particular, by distortions or 

aberrations which may be introduced by virtue of the light 
passing through the cornea and lens of the eye. In one 
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known fundus camera, light from a person's eye Is 
reflected by a deformable mirror to a charge coupled 
device for producing an Image of the ftmdus. The charge 
coupled device Is connected to a processor which in turn 
5 manipulates the deformable mirror to compensate for 

distortions which are introduced by the optical system of 
•the eye so as to Improve resolution. In order to control 
the deformable mirror, light is shone into the eye, 
reflected from a point on the back surface and then passes 

10 through a lenslet array which provides light beams of 
known spatial orientation which are then detected and 
their position relative to a reference grid determined. 
The deformable mirror is moved by the processing system so 
as to compensate for the distortions or aberrations 

15 Introduced by the optics of the eye, as measured against 
the reference grid, to improve resolution. While current 
technology provides general details of the retina for 
clinical diagnosis of retinal diseases, resolution is 
still limited. 

20 

Xn^rovlng resolution of Images obtained by a fundus 
camera, and which compensate for distortions or 
aberrations introduced by the optics of the eye is 
extremely Important when attempting to diagnose retinal 

25 diseases such as retinopathy and glaucoma. The earlier 
diagnosis of glaucoma is particular important because 
glaucoma is a disease in which the retina deteriorates as 
a result, for example, of Increased pressure within the 
eye. The effects of glaucoma are not noticed by the 

30 sufferer until the disease had become irreversible. 

Current techniques use optical field testing and fundus 
cameras to detect glaucoma after damage has already 
occurred . 

35 If resolution of fiindus cameras can be Inqproved, the 

possibility exists that images with detail not currently 
possible. Including structures such as rods and cones of 
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fundus, currently not vis 
obtained. The ability to 



without 
such 



will 
and early 



15 



Summary of the Invention 
The object of the invention is 
method and apparatus for compensation 



therefore to provide a 

for distortions or 



10 fundus camera 



, in particular, to a 
, which 



35 



of an optical sys 
including such 
images to be obtained. 



The invention, in a first aspect, may be said to reside in 



distortions of an optical system, comprising: 

means for directing a beam of light through the 

optical systems- 
detector means for detecting the beam of light 
after the beam of light has passed through the optical 
system; and 



20 



detector and for processing the data to produce phase 
relating to the wavefront of the beam of light emanating 
from the optical system to enable a transformation to be 
25 determined for transforming the data relating to the 
detected image to a predetermined reference , and for 
applying the transformation to image data which has passed 
through the optical system to remove aberrations or 
distortions introduced by the optical system. 

30 



Thus, according to the present invention the apparatus 
produces a transformation which transforms data relating 
to an image and which passes through the optical system 
compensate for aberrations and distortions in the system 
Thus, when an article is viewed through the system and 
image obtained, the data can be manipulated in accordance 
with the transformation to remove the effects of the 
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aberration or d±si:ori;ion so that a true Image of the 
object/ without the distortions or aberrations introduced 
by the systems, can be obtained. Since the transformation 
is provided to the actual data which produces the image to 
5 correct that data, the entire data which is captured to 
produce an dLmage can be corrected and resolution of the 
captured image greatly iziKproved. 



In the preferred embodiment of the invention the phase 
10 data relating to the wavelength is determined in 

accordance with the algorithm set out in International 
Patent Application No. PCT/AU99/00949 , owned by The 
University of Melbourne, the content of which is 
incorporated into this specification by this reference. 
15 This algorithm produces phase data for enabling a phase 

image of an article to be produced. This algorithm solves 
the transport of intensity equation in order to produce 
the phase data from which the phase image can be created. 

20 Preferably the data to which the transformation is applied 
is intensity data. However^ in other embodiments, the 
data may be phase data relating to an image or a 
combination of intensity data and phase data. 

25 In one embodiment of the invention the application of the 
transformation comprises a deconvolution of the intensity 

data. 

In a still further embodiment the transformation is a 
30 propagation of the wave from one image location to 
another . 

Preferably the detector comprises a charge coupled device. 



35 



Preferably the apparatus includes a light source for 
shining a parallel beam of light through the optical 
system and a beam splitter for directing reflected light 
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£rom an ar'tlcle travelling back through the optical system 
to the detector for detection. 

Preferably the apparatus includes a lens for focusing 
5 light passing through the optical system so as to obtain 
an image of an article viewed through the optical system. 

The invention may also be said to reside in a method for 
con^ensating for aberrations or distortions in an optical 
10 system, comprising the steps of: 

shining light through the optical system; 
detecting the light after the light has passed 

through the optical system; 

producing phase data relating to the wavefront of 

15 light detected by the detector; 

determining a transformation to transform the 
data in accordance with a known reference data; and 

applying the transformation to data relating to 
an image of an article produced through the optical system 
2 0 so as to remove the effects of aberrations or distortions 
of the optical system on that data. 

Preferably the data to which the transformation is applied 
is data relating to the image of the object so that the 
25 image of the object is produced free of distortions which 
would otherwise be introduced by the distortions or 
aberrations in the lens system. 

Preferably the detector comprises a charge coupled device. 

30 

Preferably the data relating to the image is captured by 
directing a beam of light through apparatus including a 
lens for focusing light passing through the optical system 
so as to obtain an image of an article viewed through the 
35 optical system* 

The invention may also be said to reside in a fundus 
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for producing an image of the fundus 
eye, said camera comprising: 

a detector for detecting a beam of light passing 
through the cornea and lens of a person' s eye and 
5 reflected from the fundus of the person' s eye and again 
passing through the lens and cornea of the person's eye; 

processing meams for determining phase data 
relating to the wavef ront of the light beam detected by 
the detector and for producing a transformation required 
10 to convert the data from that detected by the .detector to 
a known reference data; 

the detector also being for detecting a beam of 
light directed through a person's eye to obtain an image 
of the ftmdus axxd for producing data relating to that 

1 5 image ; and 

the processing means being for processing the 

data relating to the image in accordance with the 
transformation to transform the data relating to the image 
to compensate for aberrations and distortions introduced 
20 by the cornea and lens of the person's eye, and for 

producing an image of the fundus, which is therefore free 
of distortions and aberrations introduced by the cornea 
and lens of the person's eye. 



25 Preferably 



the camera also includes a light 
the beams of light detecting by the 



the beam of light towards the 
30 light which produces the image 

fundus so as to provide an image 



includes a lens for focusing 
so that the beam of 
reflected from the 



of the fundus. 



35 



The camera may also include a monitor 
phase image of the fundus . 



a 



A further aspect of the invention 

the amount of aberration 



relates to an apparatus 
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a lens system. 

This aspect of the Invention may be said to reside In 
apparatus for determining the amount of distortion or 
5 aberration of a lens system, comprising: 

means for directing a beam of light through the 

optical system; 

detector means for detecting the beam of light 
after the beam of light has passed through the optical 

10 system; and 

processing means for receiving data from the 
detector and for processing the data to produce phase data 
relating to the wavef ront of the beam of light emanating 
from the optical system and for determining the amount of 

15 aberration or distortion of the lens system relative to 
reference phase data. 

Thus, the amount of aberration or distortion introduced by 
the lens system can therefore be determined. This aspect 

20 has application in determining the amount of aberration or 
distortion of a lens system such as the cornea and lens of 
an eye to enable treatment of the cornea and lens to be 
performed or to facilitate the prescription of spectacles 
or contact lenses to correct for distortions and 

25 aberrations introduced by the cornea and lens of a 
person's eye. 

This aspect of the invention may also be said to reside in 
a method for determining aberrations or distortions in an 
30 optical system, comprising the steps of: . 

shining light through the optical system; 

detecting the light after the light has passed 
through the optical system; 

producing phase data relating to the wavef ront of 

35 light detected by the detector; and 

comparing the phase data with a reference phase 
data to determine the difference and therefore the 
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aberrat.±on or distortions Introduced by tlie lens system. 

In the preferred embodiment of this aspect of the 
Invention, the optical system Is a person's eye and the 
5 reference phase data Is phase data obtained from 

reflection from the back of a person's eye. Thus, when 
light is shone through the person's eye and detected, 
distortions Introduced by the cornea and lens can be 
measured coinpared to a known distortion-free wavefront 
10 produced by the spherical shape of the back of the eye and 
which would be reflected from the back of the eye and 
through the eye If there are no distortions introduced by 
the eye . 

15 Brief Description of the Drawings 

A preferred embodiment of the invention will be described, 

by way of example, with reference to the acconqpanylng 

drawings in which: 

Figure 1 is a view of a human eye; 
2 0 Figure 2, Figure 3 and Figure 4 show various 

distortions or aberrations which can be Introduced into 

light passing through the human eye and Imaging on the 

fundus of the human eye; 

Figure 5 is a schematic block diagram of a fundus 
25 camera according to the preferred embodiment of the 

invention ; 

Figure 6 is a view similar to Figure 1 showing 
light beams directed into the eye for producing an image 
of the fundus which is free from distortions and 
30 aberrations introduced by the cornea and lens of the eye; 
and 

Figures 7A, 7B, 7C, 7D and 7£ are photographs 
illustrating the application of the preferred embodiment 
of the invention . 

35 

Detailed Description of the Preferred EmboddLment 
The preferred embodiment of the invention will be 
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described wl1:h reference t;o a fundus camera which removes 
dls'bort.ions and aberrations in'broduced by 1:he op'tics of a 
human eye from an image of the fundus of the human eye. 
However, it will be appreciated that the invention has 
5 broader application and could be used in other biological 
environments or in mechauiical environments for 
compensating for distortions of an image caused by 
distortions or aberrations introduced by an optical system 
used to produce the image . 

10 

Figure 1 shows a drawing of a human eye in which the 
cornea 10, lens 12 and fundus 16 (which is generally the 
back of the eye) can be seen. V9hen a beam of light enters 
the human eye as illustrated by beam 20 in Figure 1, the 
15 beam is focused by the cornea and the lens onto the fundus 
so as to create an image 17 of an object which the eye is 
viewing . 

As is well known, common ailments, such as myopia, 
hyperopia and astigmatism, cause blurring of the image 
captured by the eye and which is generally corrected by 
surgical techniques or by wearing glasses or contact 
lenses. Figure 2 shows an example of where the eye is 
myopic and the light beam 20 is focused by the cornea 10 
and lens 12 at a position before the fundus 16, and which 
is marked Fl in Figure 2. Figure 3 shows a situation 
where the eye suffers from hyperopia in which the image F2 
is focused after the fundus 16, and Figure 3 shows 
astigmatism in which various axes of the cornea 10 and 
lens 12 focus differently so as to produce a distorted 
image on the fundus 16. 

When a fundus camera is used to produce an image of the 
fundus for diagnosis purposes and possible treatment, the 
35 image which is captured by the fundus camera is distorted 
by any distortion or eJderration introduced by the cornea 
and lens 12 of the person's eye. These distortions 



20 



25 



30 
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grea-tly reduce the resolution of tlie image and make It 
impossible to see £ine details such as the cones and 
of the fundus. Thus, diagnosis of diseases which effect 
the fundus such as glaucoma and retinopathy is made more 
5 difficult. In view of this, structural detail of the 
cones and rods of a person' s eye can generally only be 
ascertained by a surgical procedure. 

The fundus camera of the present invention compensates for 

10 distortions and aberrations introduced by the cornea and 
lens of the eye so as to improve the resolution of an 
image of the fundus to enable fine detail such as the 
detail of the rods and cones to be observed. The fundus 
camera 50 shown in Figure 5 comprises a light source 52 

15 for producing a beam of light 54, a beam splitter 56, 
which enables the beam of light 54 to pass through the 
beam splitter 56, to a person's eye E. The apparatus may 
include a conventional support against which a person 
rests his or her head so as to locate the eye in the 

20 required position so that the beam of light 54 can be 
directed into the person's eye E, Such supports and 
peripheral structure of the fundus camera are well known 
and therefore will not be described in any detail herein. 
The fundus camera includes a lens 58 which exemplifies an 

25 optical system for focusing the beam of light 54' which 
passes through the splitter 56. The lens 58 is moveable 
in the direction of double-headed arrow A on a translation 
stage (not shown) into and out of the path of the beam of 
light 54 ' for the reasons which will be described in 

30 detail hereinafter. 

When light enters the eye E, it passes through the cornea 
and lens and reflects off the fxindus which is at the back 
of the eye and then again passes through the lens and 
35 cornea to the beam splitter 56. The beam splitter 56 

splits the light so that the light emanating from the eye 
travels along path 59 through an imaging system 60 onto 
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det^ct:or 62, which is preferably a Charge coiapled device. 
The charge coupled device 62 is connected "bo a processor 
64, which may in tiirn be connected to a monitor 66 for 
displaying an image of the fundus of the h\jman eye. The 
5 processor 64 is also connected to conventional input 
devices such as a keyboard and the like. 



The imaging system 60 may comprise a series of lenses or 
like devices. The purpose of the imaging system 60 is to 

10 enable images to be focused relative to the charge coupled 
device 62 for obtaining data to enable the transport of 
intensity equation to be solved and most typically results 
in images being focused relative to the charge coupled 
device at three different focal planes, one of which is at 

15 the charge coupled device 62 and the other two of which 
are on either side of the focal plane so as to provide 
defocused images. These images provide the data for 
solving the transfer of intensity equation in accordance 
with the algorithm disclosed in the aibove-mentioned 

20 International application. 



25 



The data detected by the charge coupled device 62 is fed 
to the processor 64 which carries out the algorithm to 
produce the phase data for enabling a phase ixaage of the 
object, in this embodiment the fundus of the eye, to be 
produced. The phase image can be retained in electric 
format in the processor 64 or displayed on a monitor 66. 

In order to compensate for aberrations or distortions 
30 introduced by the optics of the eye and namely the cornea 
10 and lens 12, and also any aberrations or distortions 
which are included in the lens 58 in the imaging system 
60, the lens 58 is first translated in the direction of 
doubled-headed arrow A out of the path of the beam 54' so 
35 that the light source 52 produces a parallel beam of light 
which is directed to the eye E as shown by the beam of 
light 80 in Figure 6. The parallel beam of light 80 is 
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focused by the cornea 10 and the lens 12 of the eye onto 
the fundus 16 to produce a spot image on the fundus 16. 
The light is reflected back from the fundus so as to 
produce a parallel beam of light 80 travelling back to the 
5 beam splitter 56 and which is directed by the beam 

splitter 56 along path 59, through the imaging system 60 
and onto the charge coupled device 62. The imaging system 
60 is manipulated so as to produce the three images 
referred to above, namely the in focus image and the two 

10 defocused images on the charge coupled device 62, to 

produce the data which is then supplied to the processor 
64 to enable a phase image to be produced- The light 
reflected from the fundus 16 should therefore be a 
perfectly spherical wavefront which passes through the 

15 lens and cornea to the detector 62 in the manner described 
above, and form a perfectly planar propagating wavefront. 
However, if the lens 12 and cornea 10 include any 
imperfections which would introduce distortions or 
aberrations into the wavefront such as is the case with 

20 myopia, hyperopia and astigmatism as described above, the 
planar wave beam will be distorted by those conditions or 
the imperfections in the cornea and the lens. Thus, 
rather than a planar wavefront being detected by the 
detector 62, a distorted wavefront is detected by the 

25 detector 62. 



Because it is expected that if the eye is in perfect 
condition the wavefront will be planar, phase data 
relating to a planar wavefront can be used to provide a 

30 reference data as to what should be expected to be 

detected by the detector 62 and produced by the processor 
64 once the above-mentioned algorithm is performed to 
solve the transport of intensity equation to produce the 
phase data relating to the wavefront reflected from the 

35 fundus 16. If the eye is in perfect condition, then the 
wavefront will produce phase data consistent with a 
perfectly planar wavefront. However, if distortions or 
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aberrations are introduced , the data will obviously be 
different and the difference between that data and the 
planar data can be used to produce a transformation wh4-ch, 
when applied to the distorted data, can remove the 
5 distortions or aberrations and return that data to the 
perfect planar wavefront which is expected if no 
distortions or aberrations are introduced by the lens 12 
or cornea 10. Mien it is desired to produce an image of 
the fundus for diagnosis or research pxirposes, the lens 58 

10 is translated in the direction of double-headed arrow A so 
as to position the lens 58 into the path of the beam 54 ' . 
This focuses the beam 54 ' as shown by beam 82 in Figure 6 
so that the beam 54 is now focused over the entire fundus 
16 of the eye. Light reflected from the fundus travels in 

15 the opposite direction through the lens 12, cornea 20, 
back along the beam path 82 shown in Figure 6 and is 
directed by the beam splitter 56 through the imaging 
system 60 to the detector 62. 

20 The imaging system 60 is then manipulated so as to provide 
one in focus image enabling data to be supplied to the 
processor 64 for producing a higher resolution of the 
fundus 16. The previously determined transformation which 
was used to transform the distorted wavefront to the 

25 planar wavefront and which is already determined by the 
processor 64, is then applied to the intensity data 
relating to the actual image of the fundus 16 so as to 
transform the captured intensity data in accordance with 
that transformation to remove the effects of distortions 

30 and aberrations introduced by the carn&a 10 and lens 12 

and also any other imperfections in the optical system of 
the fundus camera 50. One method of this is to use the 
distorted wave transform to generate a point spread 
function of the eye caused by distortions or aberrations 

35 in the cornea and lens of the eye and perform a 

deconvolution with the intensity image, thereby producing 
much better resolution. Furthermore, since the image of 
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'the fundus is captured on a charge coupled device 62 and 
the entirety of the data captured by the charge coupled 
device 62 is transformed to remove the distortions or 
aberrations, the inqarovement in resolution of the image is 
5 significant, thereby providing an image which is of 

sufficient resolution to show details of the cones and 
rods of the fundus so that diagnosis as well as scientific 
research relating to the fundus of the human eye can be 
performed without the need for any invasive technique. 

10 

Figures 7A to 7E are photographs which show an application 
of the preferred embodiment of the invention. 

Figure 7 A is intended to represent a true depiction of 
15 fundus of a h\3man eye. Figure 7B is an image which one 
would expect to obtain if the eye contains some 
aberrations caused by the lens and cornea as described 
above. As is apparent, the image in Figure 7B is very 
much blurred conipared to the depiction in Figure 7A. 

20 

Figure 7C shows phase data which has been created from the 
image of Figure 7B by the algorithm previously referred 
to. If the eye was in perfect condition and a point 
source emanated from the fundus of the eye, the phase 

25 image in Figure 7C would be a perfect circle. However, 

because of the distortions, the wavefront itself has been 
distorted and therefore the image is not perfect. Because 
it is known that if there is no distortions, a perfect 
circular image emanating from a point source at the fundus 

30 or, in other wrds, a planar wave, would be received. A 
transformation can be determined to transfer the phase 
image in Figure 7C to what phase image would be expected 
if there were no aberrations or distortions. In the 
preferred embodiment of the invention, this is done by a 

35 point spread function which is shown in Figure 7D in which 
various pixels are provided with various intensities of 
light corresponding to the phase image of Figure 7C. 
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Once again r if the phase image of Figure 7C was perfect , 
then only one pixel would be illuminated and the 
illumination would not have tended to spread to adjacent 
pixels . 

5 

Thus , the point spread function provides a transformation 
which can be used to transfer the blurred image in Figure 
7B to a higher resolution image , as shown in Figure 7E. 
This is done by deconvolution of the image of Figure IB, 

10 where the point spread function of Figure 7D is 

effectively subtracted from the image of Figure 7B to 
remove the blurriness and distortions so that a much 
higher resolution is given, as shown by Figure 7E. In 
other words, the point spread function can be thought of 

15 as being used to divide the blurred image of Figure 7B in 
order to remove the distortions to thereby provide the 
higher resolution figures shown in Figure 7E. 

As will be apparent, the image of Figure 7E is much closer 
20 to the actual image of Figure 7A than the blurred image of 
Figure 7B, and therefore a much better and higher 
resolution image is obtained by the preferred embodiment 
of the invention . 

25 Thus, if an image is actually formed by the imaging 
system, the point spread function is deconvoluted to 
create an image without the distortion. In another 
embodiment where a real image is not created, the 
transformation may be performed by a wave propagator to 

30 transform the image data from one plane to another plane 
so that at the said another plane the distortions or 
aberrations are removed to thereby provide an image with 
better resolution • 

35 In the preferred embodiment the transformation is 

performed on intensity data (i.e. the amplitude of the 
data which is captured by the imaging system 60) . 
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However , In o'ther embodiments , the transformation may be 
performed on phase data relating to the image or in a 
combination of both the phase data and intensity data. 

5 A second aspect of the invention can be used to determine 
the amount of distortion or aberration introduced by the 
cornea and lens of a person' s eye to provide information 
which may be useful in surgical treatment of the eye or 
the determination of a suitable prescription for 
10 spectacles or contact lenses. 

In this aspect the apparatus is similar to that described 
with reference to Figure 5 and the parallel beam of light 
80 is shone through the eye £ so that the light is 

15 detected by the detector 62. The processor 64 is stored 
with data relating to a planar wavefront so that the 
differences between the captured data and the stored 
planar data can be used to provide a measure of the amount 
of distortion or aberration introduced by the cornea 10 

20 and lens 12. Once again, this is achieved by the detector 
62 detecting the three images referred to above which 
enable the phase data to be generated and then comparing 
that phase data with phase data relating to the planar 
image so that a measure of the amount of distortion or 

25 aberrations introduced by the cornea 10 and lens 12 can be 
determined. This information can provide data for 
determining suitable spectacles or contact lens 
prescription or guiding a surgical procedure. 

30 Since modifications within the spirit and scope of the 
invention may readily be effected by persons skilled 
within the art, it is to be understood that this invention 
is not limited to the particular embodiment described by 
way of example hereineQi>ove . 

'35 

In the claims which follow auid in the preceding 
description of the invention, except where the context 
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requires oliherwlse due to express language or necessary 
ii!^lxcation , the word ^^comprise" , or variations such as 
^^comprises" or ^^comprising" , is used in an inclusive 
sense, i.e. to specify the presence of the stated featurei 
5 but not to preclude the presence or addition of fxirther 
features in various embodiments of the invention. 



